The genetic diversity in Trichoderma hanianum isolates from mushroom compost was assessed using various molecular techniques. Restriction fragment length polymorphism (RFLP) analysis of ribosomal DNA (rDNA) and mitochondrial DNA (mtDNA) divided the 81 isolates into three major groups, 1, 2 and 3. There was no variation within a group in rDNA, while a low degree of polymorphism was detected in mtDNA. Random amplified polymorphic DNA (RAPD) analysis of 30 randomly chosen isolates, with six primers, in general confirmed the RFLP groups. Nucleotide sequence determination of rDNA internal transcribed spacer (ITS) 1 revealed three distinct ITS types, 1,2 and 3, possessed by isolates from the respective groups 1,2 and 3. Based on these molecular data, group 2 isolates, which are aggressive colonizers of mushroom compost, could be clearly distinguished from the isolates belonging to the other two groups.
INTRODUCTION
Tricboderma, a common soil fungus, remains a potential threat to the mushroom industry following the green mould epidemic in the British Isles during 1985-86 and more recently in late 1990 and 1991. Losses have been estimated at E3-4 million to the UK and Irish mushroom industries (Fletcher, 1990) . Tricboderma barxianurn has most frequently been associated with aggressive colonization of mushroom compost, although T. viride, T. pseudokoningii, T. bamatum and T. longibracbiattlm have also been isolated from compost (Seaby, 1989) . The genus Tricboderma lacks a discrete species concept because of variation within and among species groups, defined as species aggregates by Rifai (1 969). Bissett (1991) proposed ' sections ' to accommodate morphologically similar forms within the species aggregates of Rifai (1969) . T. barxiantlm isolates from mushroom compost all conform to the criteria currently used for identification of the species tPresent address: Horticulture Research International, Wellesbourne, Warwick CV35 9EF, UK.
Abbreviations: ITS, internal transcribed spacer; mtDNA, mitochondrial DNA; RAPD, random amplified polymorphic DNA; RFLP, restriction fragment length polymorphism.
The EMBUGenbanWDDBJ accession numbers for the nucleotide sequences (Rifai, 1969) ; however, these have been differentiated into three biological forms termed T h l , Th2 and Th3 by Seaby (1987) and z, x and y strains by Doyle (1991) . These three groups of T. barxianurn differ in their growth rate and time and pattern of sporulation when grown under specified cultural conditions; however, not all isolates can be reliably identified by these characters. T. barxianurn isolates also differ in their aggressiveness in colonizing the compost in competition with Agaricus bisp0ru.r (Doyle, 1991) .
In recent years, various molecular techniques have been used in the systematics of phytopathogenic and other (commercially important) fungi to assess intra-and interspecific variation and to determine phylogenetic relationships (Buchko & Klassen, 1990; Chen etal., 1992; Forster et al., 1990; Gaudet e t al., 1989 ; Levy et al., 1991 ; Moody & Tyler, 1990a, b ; O'Donnell, 1992 ; Vaillancourt & I-Ianau, 1992) . Meyer e t al. (1992) used a DNA fingerprinting technique to analyse the nine species aggregates of Trichoderma and recognized only five groups. In the present study, we have used restriction fragment length polymorphism (RFLP) and random amplified polymorphic DNA (RAPD) analyses and sequencing of the internal transcribed spacer (ITS) 1 region in the ribosomal DNA gene block to estimate the intraspecific divergence among isolates of T. barxianurn and to classify the ~~ ~ reported in this paper are X73686 to X73703.
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Th3 (1, 3, 6, 8, 9, 10, 11) s (1, 3, 4, 5) 2 2  1  2  1  1  1  1  1  2  2  1  1  1  1  2  2  2  2  3  2  3  3  1  2  2  1  1  2  3  3  3  1  1  1   2  2  2  2  3  2  3  1  1  2  1  1   1   1  1   3  3  1  1  2  2  1   2d  2b  l a  2b  la   l a  l a  la  2e  2a  l a  l a  If  If  2a  2a  2a  2a  3a  2e  3a  3e  l a  2d  2a   l a  2a  3b  3a  3b  l e  Id  l a   2e  2e  2e  2e  3d  2c  3d  l et al., 1989) . Genomic DNA (1-2 pg) was digested with 25 U restriction enzyme until completion at 37 "C according to the manufacturer's instructions (Promega). Digested DNA was electrophoresed in 0.8% (w/v) agarose gels for 13 h at 60 V (electrophoresis buffer: 89 mM Tris, 89 mM boric acid, 2 mM EDTA) with HindIII-digested A DNA and/or digested pGEM as molecular size markers (Promega), transferred to a nylon membrane (Hybond N, Amersham) by capillary transfer (Sambrook et al., 1989) and immobilized by baking at 80 "C for 90 min.
Probes.
For ribosomal DNA (rDNA) analysis, Southern blots were probed with plasmid pMY6O containing a complete rDNA unit from Saccharomyes carlsbergensis Hansen (Verbeet et al., 1983) . For mitochondrial genome probing, mtDNA purified from isolates T28JF, ThI and IMI 110150 was used.
Probes were labelled with [a-32P]deoxyadenosine 5'-triphosphate (Amersham) using the Prime-a-Gene labelling system (Promega) and separated from unincorporated nucleotides on a G-50 Sephadex column. Hybridization was performed in a hybridization oven (Hybaid) at 65 "C following the procedure described by Sambrook et al. (1989) . The prehybridization wash was for 3 h and post-hybridization washes consisted of three washes of 30 min each in 2 x SSC and 0.1 % SDS, and three washes of 30 min each in 0.1 x SSC and 0.1 YO SDS.
Finally membranes were wrapped with clingfilm and exposed to Hypertilm /I-max (Amersham) at -70 "C using intensifying screens. For data analysis, each amplified fragment with all six primers was treated as a separate character. DNA fragments of the same size were assumed to represent the same genetic locus and scored as either present or absent. The cluster analysis of the data was done based on a similarity matrix derived from the formula : number of shared characters/total number of characters. The dendrogram was generated by the 'group average' method on the program GENSTAT 5 (Lawes Agricultural Trust, Rothamsted Experimental Station, Harpenden, UK).
The ITS 1 region of rDNA was amplified using biotinylated ITS 1 and ITS 2 primers (White et al., 1990) supplied by Operon. For each isolate, two 100 p1 reactions using one of the biotinylated primers with appropriate non-biotinylated primers were performed. PCR mixtures contained diluted genomic DNA (40-50 ng), reaction buffer, 200 pM of each dNTP, 0.4 pM each of primers 1 and 2, and 2.5 units of Tag DNA polymerase ; they were subjected to 30 cycles of 1.5 min at 94 OC, 2 min at 45 "C and 3 min at 72 "C.
Sequencing.
Template DNA (100 pl) was immobilized using 100 pl Dynabeads (Dynal, Norway) according to the manufacturer's instructions. Direct solid-phase sequencing (Hultman et al., 1989) was done by the chain-termination method (Sanger e t al., 1977) using the non-biotinylated primer as the sequencing primer with a T7 DNA polymerase sequencing kit (Pharmacia). Sequencing reactions and electrophoresis were carried out as described by Gyllensten & Erlich (1988) .
For data analysis, the percentage of shared restriction endonuclease fragments (F) and the nucleotide sequence divergence estimates (p) between various RFLP groups were calculated using the following formulae: F = (2N,,)/N, + N , and p = (-lnF)/r, where N,, is the number of shared fragments between two samplings, N , and N , are the total number of fragments in each of the samples and r is the number of nucleotide bases for the restriction enzyme (Nei & Li, 1979; Nei & Tajima, 1983) . The sequence data were aligned using the CLUSTAL v package (Higgins et al., 1992 x 100, where Ts is transition, T v is transversion, I is insertion and D is deletion. One or more base I / D was scored as one. The length of the smaller sequence was used for computation.
RESULTS
Analysis of rDNA RFLP patterns
Ribosomal DNA restriction patterns generated by the enzymes EcoRI, Sac1 and ClaI placed the 81 isolates of T. harz@mm into three distinct groups ( Table 1 .
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second band of approximately 3.6 kb was seen with group 1 isolates and of approximately 4.7 kb with group 3 isolates. With group 2 isolates, a second band was not detected, but the signal intensity of the 3.1 kb band was strong, suggesting the presence of two co-migrating fragments. With SacI digestion ( Fig. 1 b) , a common band of approximately 2 kb was observed with group 1 and 2 isolates. Group 1 isolates differed from group 2 isolates in having two more bands of 3.3 and 2.4 kb, whereas group 2 isolates produced a second band of 6.9 kb. Group 3 isolates yielded two bands of 4.7 and 2.7 kb with SacI digestion.
Cia1 digestion resulted in three bands for all isolates, of which two bands of approximately 2.2 and 1.1 kb were common to all isolates. The third band was polymorphic and confirmed the groupings (data not shown).
Two out of the six enzymes used (HindIII and PstI) yielded a single band for group 1 and 2 isolates (approximately 9 and 12 kb respectively), whereas rDNA from group 3 isolates was not digested. Group 3 isolates could be distinguished by the presence of a BamHI site which resulted in a 9 kb fragment, whereas no BamHI site was found in the ribosomal repeat units of either group 1 or group 2 isolates.
By summation of the size of fragments from various digestions, the approximate unit length of rDNA was calculated to be 8-9 kb for group 1 and 3 isolates and 11-12 kb for group 2 isolates.
Polymorphisms in mtDNA
Mitochondria1 DNA RFLPs divided the 81 T. harxiantlm isolates into three major groups (1,2 and 3) when probed with mtDNA from the isolate ThI. Groupings were the same as those identified by rDNA analysis. For further analysis, mtDNA extracted from one isolate in each major group was used as a probe to determine the polymorphisms within the group.
Isolates were placed in subgroups according to the limited degree of variation observed within a group (Table 1) . Representative isolates of each subgroup from all three major groups were chosen and heterologous hybridizations were carried out. The size of the mitochondria1 genome of each group was calculated by summation of fragment sizes (from various digestions) on ethidium bromide stained agarose gels.
Variation in group 1 isolates. mtDNA from isolate T28JF (approximately 38-40 kb) was used to probe HindIII digests of group 1 isolates. Out of 35 isolates, 24 fell into the subgroup l a and the remaining 11 isolates formed six more subgroups (lb-lg) ( Table 1) . Restriction enzyme digestion patterns of a representative isolate from each of the seven subgroups are shown in Fig. 2a . HindIII digestion yielded 9-11 fragments, of which seven bands were shared by all seven subgroups. The proportion of shared fragments ( F ) was between 61 YO and 95 % for the various subgroups. EcoRI digestion produced six to eight bands, of which four were common to all subgroups (data not shown); the subgrouping of isolates was similar to that obtained using HindIII.
Variation in group 2 isolates. Restriction fragment patterns generated for group 2 isolates, using HindIII and mtDNA from isolate ThI as probe (approximately 60-62 kb), divided the 36 isolates into five subgroups (2a-2e). Twenty-four isolates (all from Northern Ireland and the Republic of Ireland) formed the large subgroup 2a. HindIII digestion of group 2 isolates generated 20-23 bands ( Fig. 2b) with 16 bands common to all subgroups. The F values ranged from 78% to 98% between the various subgroups. These subgroupings were confirmed by EcoRI digestion (data not presented).
Variation in group 3 isolates. Homologous probing with mtDNA from the isolate IMI 1101 50 (approximately 28-30 kb) separated the 13 isolates of group 3 into five subgroups (3a-3e) in both HindIII and EcoRI digestions.
Isolates from the Republic of Ireland and England formed subgroups 3c and 3d respectively. Isolates from Northern Ireland were separated into three more subgroups (3a, 3b and 3e). HindIII digestion produced 11-13 fragments (Fig. 2c) Fig. 2 . mtDNA RFLP patterns of T. harzianum isolates digested with Hindlll : (a) group 1 isolates probed with mtDNA from the group 1 isolate T28JF; (b) group 2 isolates probed with mtDNA from the group 2 isolate Thl; (c) group 3 isolates probed with mtDNA from the group 3 isolate IMI 110150. Subgroupings of the isolates are given in parentheses; isolates in each group and subgroup are given in Table 1 . Molecular size markers refer to Hindlll-digested 1 DNA and digested pGEM. groups 1,2 and 3, resulting in low F values ( Table 2 ). The signal intensity was reduced relative to homologous probings. When group 2 isolates were hybridized with heterologous probes (mtDNA from either group 1 or group 3 isolates) very few fragments hybridized and high molecular mass fragments were visible only after prolonged exposure (7 d).
RAPD analysis of T. harzianurn isolates
T o estimate the intraspecific diversity of T. har+znzlm isolates from mushroom compost, six RAPD primers were used with 30 randomly chosen isolates. These represented all three major RFLP groups as indicated in Table 1 . The RAPD patterns produced by all six primers differentiated the 30 isolates, with some exceptions, into the same three groups as revealed by RFLP analyses. None of the primers used unified the three groups. Fig. 3 illustrates the RAPD pattern of eight isolates from each group with primers A3 and A13 (data for primers A l l , B6, B7 and B10 are not presented).
The isolates formed three main clusters on the dendrogram (Fig. 4) , corroborating the results from RFLP analyses. Within cluster 1, representing group 1 isolates, similarity varied from 72 % to 100 YO. Group 2 isolates in cluster 2 were identical. The third cluster, representing group 3 isolates, showed similar variation to group 1 isolates, of 70 YO to 100 YO. Cluster analysis suggests a closer relationship between groups 1 and 2 than between either of these two groups and group 3.
Sequence analysis of the ITS 1 region
Sequencing of the ITS 1 region of 18 T. har~ianzlm isolates (indicated in Table 1 ) revealed that there were three . ...................................................................... distinct ITS types 1 , 2 and 3 (Fig. 5) , corresponding to the groups 1, 2 and 3 from RFLP and RAPD analyses. The ITS 1 sequence of all five group 2 isolates (202 bp) was identical. The ITS 1 sequence of all six group 3 isolates (182 bp) was identical. Within the seven group 1 isolates (201 -203 bp), insertion/deletion of two thymines (at positions 115 and/or 151 and 168) was the only variation observed within the group (Fig. 5) . Group Table 1 for details of isolates). Isolate UCD13 in cluster 1 is representative of group 1 isolates ThL, A001040 and ThlM. Isolate Thl in cluster 2 is representative of group 2 isolates Th2 shiitake, Th2 (1) showed 4 7 % divergence from group 2 isolates, and group 1 and group 2 isolates showed 2 0 0 % and 2 2 9 % divergence from group 3 isolates respectively (Table 3) .
isolates
DISCUSSION
A number of Trichoderma spp. have been isolated from mushroom compost but aggressive colonization appears to be restricted to some isolates of T. harpianum (Seaby, 1987; Doyle, 1991) . T . har+znum isolates from mushroom compost have been differentiated into three biological forms by Seaby (1987) and Doyle (1991) . However, delineation of the three forms is not always reliable using biological characteristics, and on many occasions group 2 isolates were incorrectly identified as group 1 and group 3 on the basis of time and pattern of sporulation, e.g. isolates 4, 53, 61 and 65 (Table 1) were identified as group 1 and isolates 33-39 and 41 (Table 1) were identified as group 3. Unambiguous differentiation of aggressive Th2 isolates from morphologically identical non-(or less) aggressive T h l and Th3 forms is essential when assessing the risk to mushroom compost from Th2 isolates or when assessing the biological variation within Th2 isolates.
The results reported in the present paper indicate the value of molecular techniques in isolate differentiation for T. haryiantlm. RFLP analysis of the generally conserved ribosomal RNA (rDNA) gene block separated T. harriantlm into three distinct groups within which there was no variation. The size of the rDNA gene block varied between 8 and 9 kb for group 1 and group 3 isolates, and between 11 and 12 kb for group 2 isolates. This level of size variation within a species is unusual but similar variation has been reported for ColletotrichumgloeosPorioides (Braithwaite etal., 1990; Hodson eta/., 1993) , where again species concept is ambiguous.
The level of variation between groups was greatest when comparisons were made using mtDNA. (Forster etal., 1988) and Pjtbiztm spp. of 20-67 YO (Martin & Kistler, 1990 Although the morphotaxonomic characteristics of isolates of these three groups fall within the broad range of variation described for the species aggregate T. har~ianztn.~ (Rifai, 1969) , the molecular data could suggest their separation into three DNA-based species (Reynolds &. Taylor, 1991 ). An example of each group has been deposited with the International Mycological Institute. Sexual compatibility studies could possibly be used to support this hypothesis ; however, the teleomorph stage is difficult to induce in culture. Further supporting evidence may be provided by assessing the level of inter-and intraspecific molecular variation between other members of the genus Trichoderma.
